We used AFM to investigate the interaction of polyelectrolytes such as ssDNA and dsDNA molecules with graphene as a substrate. Graphene is an appropriate substrate due to its planarity, relatively large surfaces that are detectable via an optical microscope, and straightforward identification of the number of layers. We observe that in the absence of the screening ions deposited ssDNA will bind only to the graphene and not to the SiO 2 substrate, confirming that the binding energy is mainly due to the π-π stacking interaction. Furthermore, deposited ssDNA will map the graphene underlying structure. We also quantify the π-π stacking interaction by correlating the amount of deposited DNA with the graphene layer thickness. Our findings agree with reported electrostatic force microscopy (EFM) measurements. Finally, we inspected the suitability of using a graphene as a substrate for DNA origami-based nanostructures.
Introduction
Graphene is a single layer of two-dimensional sp 2 carbon atoms that are closely packed into a honeycomb structure. This new kind of carbon-based nanostructured material was first produced in 2004, 1 and since then it has attracted a great deal of attention due to its exceptional electrical, 2,3 mechanical, 4-7 and thermal properties. 8 These properties make graphene the ideal substrate for future hybrid organic-inorganic nanostructures.
Hybrid organic-inorganic nanostructures are appealing due to their ability to combine the best properties of the two components. Among organic molecules, exceptional graphene properties could be matched the best by DNA molecule which has following properties: hybridization, convenient synthesis of designed sequences, and its widespread application in structural DNA nanotechnology. [9] [10] [11] The listed DNA properties contributed to its wide use as a building block of much hybrid nanostructure.
12-18 For example, ssDNA-carbon nanotube (ssDNA-CNT) hybrids present a new form of hybrid nanostructure. This novel hybrid nanomaterial consists of single-walled carbon nanotubes (CNT) wrapped with a self-assembled coating of single-stranded DNA (ssDNA), and it has unique properties that derive from these two components. ssDNA-CNT have been used for the following applications: CNT solubilization, 19 sorting, 20 and patterned placement of nanotubes. 21 However, mechanisms of the DNA-based solubilization and separations are still poorly understood. 22 The structural information comes primarily from low-resolution atomic force microcopy (AFM) taken on dried ssDNA/CNT samples. 23 So far, obtained experimental evidence suggests that the hybrid structure is dependent on both DNA sequence and CNT structure.
AFM imaging of ssDNA wrapped around CNT is extremely challenging; thus, we hypothesized that the AFM imaging of selfassembled monolayers of ssDNAs on the graphene could provide novel insights into strength, nature, and mechanism for their interaction. Graphene represents the closest model system to the CNT, and it is commonly used in theoretical studies as a substitute for CNTs. 22 Its planarity permits more detailed examination of its interactions with polyelectrolytes such as ssDNA and dsDNA by AFM. Current theoretical studies suggest that the nucleobases exhibit significantly different interaction strengths when physisorbed on graphene.
22 Although the magnitude of interaction varies for the four nitrogenous DNA bases, 22 it is still strong enough to *Corresponding author. E-mail: aleksandra.radenovic@epfl.ch.
(1 assemble ssDNA on a graphite surface into a monolayer through hydrogen-bonding interactions mapping the underlying lattice structure. Recent molecular dynamics simulations suggest that the absorbed ssDNA chains maximize stacking by adopting conformations in which bases alternate from one side to the backbone. 24 In order to test these theoretical results, we performed AFM imaging of ssDNA directly deposited on graphene. The ssDNA--graphene hybrid system was also recently used to facilitate direct exfoliation from graphite flakes and further hybridization with a gold nanoparticle labeled with cDNA. 25 The presented work demonstrates first appealing applications of this novel hybrid system.
In addition, we examined the suitability of graphene substrate for future electrochemical DNA sensors that would utilize twodimensional origami templates. In this novel hybrid system graphene could be used as the electrical interconnect and as an e-beam tailored substrate, while origami can be used as template for material growth, 26, 27 sensor, 28, 29 or even as a template for specific single-molecule chemical reactions. 30 
Results
We have obtained variable numbers of graphene layers by the standard method of mechanical exfoliation of HOPG 31 on lithographically patterned SiO 2 substrates (for details on substrate preparation see Supporting Information). Identification and determination of the number of graphene layers have been performed by optical microscopy. Well-established experimental protocols [32] [33] [34] that rely on thin film interference can be used to easily determine the number of layers in a given graphene flake from the optical contrast.
As an additional verification step, we also performed AFM imaging of graphene deposited onto SiO 2 substrates prior to the DNA deposition. As already observed, AFM-based measurements of graphene thickness can vary from 0.35 to 1.4 nm relative to the SiO 2 substrate [33] [34] [35] depending on the measurement conditions (scanning parameters), sample preparation procedures, and other laboratory conditions (for example humidity). We chose overlapping of folded graphene regions for the most reliable thickness measurements (see Figure 1) . Upon AFM imaging of the pristine graphene surfaces and after establishing the number of graphene layers, we proceeded with ssDNA/dsDNA deposition.
To obtain ssDNA, Lambda DNA (purchased from NEB) was heated at 90°C for 10 min prior to deposition. All DNA preparations were diluted either in nanopure (Ultra High Quality Millipore) water or in 1 mM Tris-HCl buffer to a final DNA concentration of 5 μg/mL.
A 50 μL aliquot of the DNA solution was deposited onto the substrate and incubated for 20 min at room temperature, and then the sample was rinsed with nanopure water and dried with nitrogen. Next, we performed tapping mode AFM imaging (for details on AFM imaging see Supporting Information) in order to confirm the adsorption of ssDNA molecules on the graphene substrate. Typically, we observe relative increase in height of 
If ssDNA deposition is performed in pure water, it will bind exclusively to the pristine graphene surface as shown in Figure 1c . Remarkably, ssDNA substrate selectivity originates from the nature of the ssDNA/graphene binding energy that is largely due to the π-π stacking interaction, but it also has contributions from the sugar-phosphate backbone. 36 The observed selectivity will be gradually suppressed if the ssDNA deposition is performed in electrolyte solutions of varying Mg 2þ ionic strength. We observed that ssDNA molecules adsorbed to graphene adopt a wealth of secondary structures shown in Figure 1 , which originated partially from intrastrand base pairing and partially from the strong interaction of DNA bases with graphene (binding energy of ∼10 kT per nucleotide or larger with slight differences between the four nucleotides 23 ). In addition, we noticed that the ssDNA binding efficiency correlates with the number of pristine graphene layers. Similar behavior has been recently reported by Mohanty et al. 37 The authors report on a higher fluorescence intensity in thicker regions of functionalized graphene oxide (GO) upon hybridization with fluorescently labeled complementary strands, indicating that the short ssDNA preferentially binds on thicker layers (including folds) and wrinkles. Even though GO has been functionalized with carboxyl groups, GO layers of different thickness have different surface potential, 38 resulting in a variation of the DNA density. This variation in surface potential is due to a difference in the magnitude of intrinsic screening of interfacial traps or defects present on the substrate. Local field enhancement at the sharp edges of wrinkles is screened via uniform distribution of carboxylic acid groups.
AFM imaging of long ssDNA molecules deposited on pristine graphene can efficiently probe surface at different layers of thickness and further quantify the interaction strength. As shown in Figures 1c and 3 , ssDNA coverage indeed correlates with the number of layers, and higher DNA coverage of wrinkles can be attributed to the local field enhancement at the sharp edges of wrinkles. The nonbound carbon atoms existing on these defects may form bonds with hydrogen, hydroxyl, and carboxyl groups. To quantify and evaluate ssDNA binding efficiency as a function of the number of graphene layers, we performed AFM imaging and analysis of 1 μm 2 areas at different layers of thickness ( Figure 2 ). We observed saturation in the ssDNA surface coverage at 7 ( 1 layers, indicating that surface potential increases with film thickness and quickly approaches to the bulk value. Our results agree with reported electrostatic force microscopy (EFM) measurements. 38 Even more striking is how well ssDNA molecules can map the underlying graphene lattice structure. Preferred ssDNA orientations, as shown in Figure 1c Figure 1 ), whereas images in which there is a preferred orientation are expected to give a histogram with a peak at the preferred orientation, as shown in histograms in Figure 3 . Depending on the degree of folding, many more preferred ssDNA orientations can be identified. For example, in Supporting Information Figure 2 we have identified six preferred orientations on a structure with several overlapping graphene layers. Besides low ionic strength, the graphene cleanliness is the second important parameter in the ssDNA orientation on the pristine graphene.
Intrigued by the possibility to orient ssDNA molecules on the substrate such as graphene, we have designed several DNA origami structures 11 with variable ssDNA content (18% and 36%; see Supporting Information). Magnesium chloride (MgCl 2 ) was added to the DNA solution containing origami structures to a final concentration of 12 mM in order to stabilize folded structures. To examine if the origami structures folded properly, the solution containing the origami was deposited on the freshly cleaved mica substrate. The formation of squares and rectangles is confirmed by imaging of the assembled origami structures on mica surface (see Figure 4) . After establishing that our solution contained the desired DNA origami shapes, we diluted the solution containing DNA origami in ultrapure water to minimize the ionic strength of the folding buffer prior to deposition on graphene. Unfortunately, the origami folding buffer contains magnesium (Mg 2þ ) (12 mM) ions that neutralize negative charges on the DNA and allowed the single-stranded DNA to come together and form a double helix or DNA origami.
If diluted in ultrapure water, the origami structures become unstable. Still, the deposited origami covered only the graphene surface, but they lost their folded structure. If the deposition is performed in the presence of Mg 2þ ions, structures are deposited on the entire substrate without specificity for the graphene. Furthermore, the presence of the Mg 2þ ions weakened the graphene adhesion to the SiO 2 substrate and caused detachment of most of the flakes.
We assumed that the ability of ssDNA to map the underlying lattice structure through bonding interactions would be influenced by the presence of screening ions. 39 In order to test this assumption, we deposited ssDNA in the presence of ions (1 mM Tris-HCl buffer) and examined the sample using AFM. On the AFM images (for example see Figure 5 ), preferred ssDNA orientation was not detected either by eye or the use of Fiji Directionality plug-in. However, ssDNA still binds preferentially to the graphene surface. Keeping the same deposition conditions, we deposited the mixture of ssDNA and dsDNA. In Supporting Information Figure 3 several dsDNA molecules is clearly distinguished among the wealth of structures adopted by ssDNA molecules, again without proffered orientation. When the interaction between dsDNA and the substrate is strong, dsDNA will be quenched on the surface, and there will be no equilibration in two dimensions. Furthermore, the obtained AFM images will represent some form of a two-dimensional projection of their three-dimensional bulk conformations as shown in ref 40 . In our case, lambda DNA cohesive ends, 12 base long single-stranded overhangs, interact through π-π stacking with the graphene flakes, while the rest of the dsDNA interaction with the graphene might be only due to the weak van der Waals. Because of the different interaction strengths, between binding points of lambda DNA cohesive ends and the rest of the dsDNA we obtain increased end-to-end distance of adsorbed dsDNA molecules.
Discussion
In summary, we have investigated the binding of ssDNA on graphene. In the absence of the screening ions, ssDNA will bind exclusively to graphene and apparently map its lattice orientation.
What could be a physical mechanism that governs observed ssDNA alignment on graphene? Although the answer is not completely clear to us at the moment, we do wish to propose possible mechanism: First in the given graphene region we observe mostly one ssDNA orientation and not the other two that are expected since graphene's lattice repeats itself every 60°. We hypothesize that the edge states and surface defects might serve as nucleation centers that favor one of orientation over the other two. Next, as has been shown in ref 24 , the absorbed energyminimized 2D DNA sheet on the graphene layer will be composed of the aligned strands.
The observed DNA binding specificity is retained in the low salt buffers, and it might be combined with recent advances in fabrication and handling of graphene-based biosensors [41] [42] [43] in order to improve their sensitivity and selectivity.
The observed binding selectivity combined with the graphene transparency and high conductive surface area that can be lithographically patterned provides new opportunities for the graphene integration into biosensor arrays. As a transducer in future DNA biosensors, graphene can be used without prior functionalization.
Our measurements show that the binding density of DNA on graphene is dependent on the number of graphene layers. In addition, we observed saturation in the ssDNA surface coverage at 7 ( 1 layers, closely matched by previous observations on the dependence of surface potential. 38 Finally, we investigated the role of ions in the binding process. Our preliminary study indicates the importance of screening ions in the interaction between graphene and ssDNA while our results on graphene and DNA origami may be exploited to construct DNA-graphene nanobiosensors. Deposition were performed either in Tris-HCl; buffer solution containing 5 mM Mg 2þ ions. Deposited ssDNAs molecules display no detectable directionality.
